Pulmonary instillation of low doses of titanium dioxide nanoparticles in mice leads to particle retention and gene expression changes in the absence of inflammation (TiO 2 ) is generally considered to be chemically inert because it is highly insoluble, thermally stable, and non-flammable. However, rats exposed to high doses of pigment-grade and ultrafine TiO 2 dust by inhalation or instillation develop lung cancer (Heinrich et al., 1995) . In addition, the International Agency for Research on Cancer has classified pigment-grade TiO 2 (microparticles with size range of 100-200 nm) as a possible human carcinogen (group 2B) (IARC, 2010; Iavicoli et al., 2011) based on animal and cell culture data, but there is little evidence for TiO 2 -mediated carcinogenic effects in humans. TiO 2 is produced primarily as aggregates or agglomerates of nano-sized particles. It accounts for 70% of the total production of pigments worldwide. TiO 2 -nanoparticles (TiO 2 -NPs) are extensively used in a wide range of products including paints, coatings, cosmetics, and sunscreens (Liao et al., 2008; Madl and Pinkerton, 2009; Park et al., 2009) . As a result of the high production volume and extensive applications of powdered TiO 2 , reasonable risks for exposures through inhalation or via other routes are anticipated. TiO 2 -NPs exhibit unique physico-chemical properties associated with their nano-size, which alters their biological behaviors at the cellular, subcellular, and protein levels resulting in adverse health effects (Liu et al., 2009; Nemmar et al., 2011; Oberdorster et al., 2000; Warheit et al., 2007) . Thus, a detailed characterization of the tissue-level effects and mechanisms of action of TiO 2 -NPs is required in order to establish acceptable exposure limits.
Lung is a primary target organ of NP exposure via inhalation in occupational settings. Pulmonary responses are largely driven by the physico-chemical properties of the NPs, and it is well established that inhalation of TiO 2 -NPs induces pulmonary responses that primarily include inflammation. Ferin et al. (1992) were the first to demonstrate that pulmonary responses in rats exposed to TiO 2 -NPs are greatly influenced by particle size . These authors also showed that intratracheal instillation or inhalation of TiO 2 -NPs induces profound neutrophilic inflammation/infiltration, translocation of particles to the deeper regions of lungs, and longer retention of particles compared to their microparticulate counterpart. Similar particle size-associated effects Toxicology and Applied Pharmacology 269 (2013) [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] ⁎ Corresponding author at: Environmental Health Science and Research Bureau, ERHSD, HECSB, Health Canada, Tunney's Pasture, Bldg. 8 (P/L 0803A), 50 Columbine Driveway, Ottawa, Ontario K1A 0K9, Canada. Fax: +1 613 941 8530.
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Toxicology and Applied Pharmacology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y t a a p on pulmonary inflammation in rats were also observed by Renwick et al. (2004) . Additional evidence suggests that the adverse pulmonary effects associated with TiO 2 -NPs are further amplified if the NPs are surfacecoated with alumina or amorphous silica (Warheit et al., 2007) . Inflammatory response to TiO 2 -NPs varies depending on the crystalline form (Grassian et al., 2007) , with mixed rutile/anatase forms exhibiting increased toxicity over other types of TiO 2 -NPs driven by the larger surface areas of mixed TiO 2 -NP types (Warheit et al., 2007) . Thus, these and other studies (reviewed in (Johnston et al., 2009) ) firmly establish that TiO 2 -NPs elicit pulmonary toxicity and tissue injury, and that the toxicity is based on several physical and chemical properties.
Several studies have shown that ultrafine particles or NPs effectively evade primary phagocyte-mediated clearance mechanisms in the lungs and hence migrate to the deeper interstitial regions of the lungs where they are retained over long periods of time Katsnelson et al., 2010) . Other studies have suggested that excessive pulmonary retention and accumulation of particles may lead to lung injury and/or enhanced risks of developing cancer (Bermudez et al., 2002 (Bermudez et al., , 2004 Heinrich et al., 1995) . However, most of these studies used physiologically irrelevant doses and thus, the biological implication of low dose exposure to TiO 2 -NPs, and the underlying molecular mechanisms of the observed pulmonary responses, remain largely unknown. Additionally, very few studies have examined the effects of retained particles following low dose exposures on pulmonary systems.
We (Saber et al., 2012 ) recently compared pulmonary response in mice following single instillation doses of 18, 54 and 162 μg of nano-TiO 2 /mouse, corresponding to 1.5, 5 and 15 working days at the Danish occupational exposure level for TiO 2 (6.0 mg Ti/m 3 -9.75 mg TiO 2 /m 3 ) at three different post-exposure time points, and showed dose-and time-dependent pulmonary neutrophilic inflammation. Interestingly, the lowest dose in this study did not elicit any pulmonary inflammation as measured by inflammatory cellular influx in the bronchoalveolar lavage fluid (BAL). Based on these results a No Observed Effect Level (NOEL) for nano-TiO 2 of 19 cm 2 was derived for mice, corresponding to the lowest tested dose (Saber et al., 2012) . It could be hypothesized that the lack of inflammatory cell influx in the BAL at the low doses observed in the study described above is a result of first-order rates of clearance in the low dose range. In the present study we rationalized that the lack of observable changes in inflammatory cell influx reported by Saber et al. (2012) , is actually the result of diminished induction of clearance mechanisms at low dose NP exposures, and that NPs will thus still be present in the lungs even in the absence of inflammation. To test our hypothesis we used nanoscale hyperspectral microscopy to measure nano-TiO 2 retention in the lungs of the same mice used by Saber et al. (2012) , in parallel with pulmonary gene and protein expression profiling, to study dose and time-related responses. We expected to find significant retention of particles in lungs at all doses over extended periods of time resulting in perturbations of normal biological functions. An additional objective for this study was to generate testable hypotheses for novel mechanisms involved in pulmonary effects induced by low doses of nano-TiO 2 .
Materials and methods
The experimental samples used in this study were generated in an earlier study; the animals, characterization of particles, exposure, and exposure monitoring are previously described in Saber et al. (2012) and are briefly outlined below.
Animals
Five-to-seven week old female C57BL/6 mice were purchased from Taconic (Ry, Denmark) and were acclimatized for 1-3 weeks prior to the commencement of the experiment. Mice were maintained in groups in polypropylene cages with sawdust bedding and enrichment, at 20-22°C room temperature and relative humidity of 40-60% with a 12 h light-to-dark cycle. All mice received food and water ad libitum throughout the experiment. All animal experiments were approved by the Danish "Animal Experiments Inspectorate" and performed according to their guidelines for ethical conduct in the care and use of animals in research.
Particle characterization and preparation of exposure stock
The nanomaterial used in this study was an ultrafine powder of surface coated rutile TiO 2 also known as UV-Titan L181 (Kemira, Pori, Finland) with an average crystallite size of 20.6 nm and surface area of 107.7 m 2 /g, and is termed 'nano-TiO 2 ' throughout this article. Details of the particle characterization were described previously (Halappanavar et al., 2011; Hougaard et al., 2010) , and are summarized in Table 1 . Naïve C57BL/6 mice were flushed twice with 0.6 ml of 0.9% NaCl to obtain approximately 1 ml of bronchoalveolar lavage fluid (BAL). BAL was centrifuged at 400 g for 10 min at 4°C to remove cells. The supernatant was used in the dispersant liquid. A total of 4.05 mg of nano-TiO 2 was suspended in 1 ml of MilliQ water containing 0.9% NaCl and 10% v/v acellular BAL. Particle suspensions were prepared by sonicating the samples using an S-450D sonifier (Branson Ultrasonics Corp., Danbury, CT, USA) at 10% amplitude for a total of 16 min on ice with alternating 10 s pulses and pauses. Three different dilutions of nano-TiO 2 were prepared and used in this experiment: 162 μg, 54 μg (1:3 dilution of the 162 μg), and 18 μg (1:3 dilution of the 54 μg). Control vehicle solutions were prepared without the nano-TiO 2 (MilliQ water containing 90% of 0.9% NaCl and 10% acellular BAL fluid). The doses 18, 54, and 162 μg/mouse are equivalent to 1.5, 5, and 15 working days at the Danish occupational exposure level for TiO 2 (6.0 mg Ti/m 3 -9.75 mg TiO 2 /m 3 ), respectively (Saber et al., 2012) .
Exposure of mice and harvesting of tissue
Each treatment group consisted of a minimum of 6 animals. Mice in the experimental groups received a single intratracheal instillation of 18 (low dose), 54 (medium dose), or 162 μg (high dose) of nano-TiO 2 in a 40 μl suspension as described above, followed by 150 μl air with a 250 μl SGE glass syringe (250F-LT-GT, MicroLab, Aarhus, Denmark). Intratracheal instillation was performed at 37°C on heating plates, under anesthesia using Hypnorm® (fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml from Janssen Pharma) and Dormicum® (Midazolam 5 mg/ml from Roche). Control mice received 40 μl of dispersant vehicle only. Following instillation, mice were under observation until they recovered from anesthesia. Mice were allowed to recover for Table 1 Physical and chemical characteristics of nano-TiO 2 (modified from Halappanavar et al., 2011; Hougaard et al., 2010 
Detection of nano-TiO 2 in lung tissue
Frozen lung tissue samples (n = 2-3) from low and medium dose groups sampled on day 1 and day 28 and matched controls were embedded in paraffin. Paraffin-embedded tissues were sliced into 5 μm thick sections and stained with hematoxylin-eosin (H-E). H-E stained lung tissue sections (two sections per sample) were sent to CytoViva, Inc. (Auburn, AL, USA) for hyperspectral imaging and quantitative mapping of nano-TiO 2 particles in the lungs. The proprietary hyperspectral imaging technology uses a nano-scale microscope and a darkfield-based optical illuminator to focus light on samples, yielding images with improved contrast and signal-to-noise ratio. Such imaging technique takes advantage of the intrinsic light scattering properties of the particle of interest (e.g., nano-TiO 2 particles). The hyperspectral imager consists of a concentric imaging visible and near-infrared (VNIR) spectrophotometer (400-1000 nm) with integrated CCD camera, and is controlled by Environment for Visualization (ENVI 4.8) software for hyperspectral image analysis. The images (100× magnification) were captured using a Dage Excel Color Cooled-M camera that is attached to an Olympus BX 43 optical microscope. In order to aid the identification and image analysis process, a reference spectral library of nano-TiO 2 was created prior to the analysis of the actual sample images using a customized software analysis program, and coded experimental samples were compared to those in the reference library. Samples were decoded after the completion of analysis to examine particle-related retention.
Total RNA extraction and purification
The total tissue for RNA extraction varied between 10 and 15 mg from each animal. In order to ensure unbiased analysis of tissue response, total RNA was isolated from randomly sectioned (weighing 10-15 mg) left lung lobe. RNA was isolated from 5 to 6 individual animals from each of the treatment and control groups using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using RNeasy Plus Mini kits (Qiagen, Mississauga, ON, Canada) according to the manufacturer's instruction. Total RNA concentration was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA), and RNA quality and integrity were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Mississauga, ON, Canada) according to the manufacturer's instruction. All samples showed RNA integrity numbers of 7 and above, indicating high quality RNA, and were used to conduct microarray and qPCR experiments.
Microarray hybridization
Total RNA (250 ng) samples from individual mice (n = 5-6 per experimental and control group) and from universal reference total RNA (Agilent Technologies, Inc., Mississauga, ON, Canada) were used to synthesize double-stranded cDNA and cyanine labeled cRNA using Quick Amp Labeling Kit (Agilent Technologies Inc., Mississauga, ON, Canada) according to the manufacturer's instructions. Control and nano-TiO 2 treated cRNAs were labeled with cyanine 5-CTP, and reference RNAs were labeled with cyanine 3-CTP using a T7 RNA polymerase in vitro transcription kit (Agilent Technologies Inc., Mississauga, ON, Canada) and purified using RNeasy Mini kits (Qiagen, Mississauga, ON, Canada). Each experimental cRNA sample was mixed with an equimolar amount of reference cRNA and was hybridized to Agilent mouse 4 × 44 oligonucleotide microarrays (Agilent Technologies Inc., Mississauga, ON, Canada) for 17 h in a hybridization chamber at 65°C with a rotation speed of 10 rpm. Arrays were washed according to manufacturer's protocols (Agilent Technologies Inc., Mississauga, ON, Canada) and scanned on an Agilent G2505B scanner. Data from the scanned images were extracted using Agilent Feature Extraction software version 9.5.3.1. All microarray data from this study are available at the National Center for Biotechnology Information (NCBI) and Gene Expression Omnibus (GEO) databases. GEO accession number for these files is GSE41041.
Statistical analysis of microarray data
A reference randomized block design (Kerr, 2003; Kerr and Churchill, 2007) was used to analyze gene expression microarray data. Data were normalized using LOcally WEighted Scatterplot Smoothing (LOWESS) (Cleveland, 1979) regression modeling method and statistical significance of the differentially expressed genes was determined using MicroArray ANalysis Of VAriance (MAANOVA) (Wu et al., 2003) in R statistical software (http://www.r-project.org). The Fs statistic (Cui et al., 2005) was used to test the treatment effects and p-values were estimated by the permutation method using residual shuffling. The false discovery rate (FDR) multiple testing correction (Benjamini and Hochberg, 1995) was applied to minimize any false positives. Fold change calculations were based on the least-square means. Genes showing expression changes of at least 1.3 fold in either direction compared to their matched controls and having p-values of less than or equal to 0.1 (p ≤ 0.1) were considered as significantly differentially expressed and were used in the downstream analysis. We applied a liberal approach since we were looking for effects in the low dose range in the absence of any observable phenotype.
Functional and pathway analysis of differentially expressed genes
Functional gene ontology (GO) analysis of the differentially expressed genes was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (Huang da et al., 2009). Benjamini-Hochberg corrected GO processes with a Fisher's exact p ≤ 0.05 were considered to be significantly enriched (overrepresented). Specific biological pathways associated with the differentially expressed genes were identified using Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA) and MetaCore (Thomson Reuters Scientific Inc., Philadelphia, PA, USA) software. Pathways with a Fisher's exact p-value of ≤0.05 (p ≤ 0.05) were considered for discussion. The pathway analysis methods employed in the present study enable the extraction of biologically meaningful information from a long list of differentially expressed genes. The quality and annotation of different pathway analysis packages vary. Therefore, the methods employed in our study are considered a starting point, and are used to direct future research. For a detailed review on the limitations of the present pathway analysis approaches please refer to Khatri et al. (2012) .
Real-time PCR (qPCR) validation of microarray data
Mouse inflammatory cytokines and receptors (PAMM-011A, SABiosciences, Frederick, MD, USA) and custom PCR arrays were used to validate 126 genes in total. Genes for the custom PCR array (CAPM11274, SABiosciences, Frederick, MD, USA) were selected based on their established roles in biological processes such as acute phase response, ion homeostasis, lipid metabolism, and muscle regulation, and exhibited fold changes of at least ±1.3 (p ≤ 0.1). Approximately 800 ng of the total RNA (n = 3 per group) from each of the experimental and control groups of mice was reverse transcribed using an RT 2 first strand cDNA synthesis kit (SABiosciences, Frederick, MD, USA). qPCRs were conducted using RT 2 SYBR Green qPCR Master Mix in a CFX96
Real-Time System (BioRad Laboratories, Mississauga, ON, Canada) according to the manufacturer's instructions. Threshold cycle (Ct) values were normalized using Hprt, Hsp90ab1, and Gapdh as internal control genes, and relative expression of the differentially expressed genes was determined using online PCR array data analysis software (SABiosciences, Frederick, MD, USA). The correlation between the qPCR and microarray fold changes of the validated genes was determined using Spearman's rank correlation analysis (Spearman, 1904) in R statistical software. A Shapiro-Wilk normality test (Shapiro and Wilk, 1965) for the fold change datasets was performed prior to the correlation analysis to identify if the data were normally distributed.
Expression analysis of inflammatory proteins
Total protein from the frozen lung tissues (n = 3) from experimental and control mice was extracted using Bio-Plex Cell Lysis Kits (BioRad Laboratories, Mississauga, ON, Canada) and quantified using Bradford protein assay kits (Bio-Rad Laboratories, Mississauga, ON, Canada). Expression of mouse pro-inflammatory cytokines was assessed using Pro Mouse Cytokine 23-plex and 9-plex assay kits (BioRad Laboratories, Mississauga, ON, Canada) according to the manufacturer's instructions in a Bio-Plex 200 system (BioRad Laboratories, Mississauga, ON, Canada). Briefly, 100 μg of each lysate was diluted with the manufacturer supplied sample diluents. Anti-cytokine/chemokine antibody-conjugated magnetic beads were immobilized in each individual well of the 96 well filter plates using a vacuum manifold. Plates were washed twice, and 50 μl of pre-diluted standards and sample lysates was added to each of the designated well. Plates were shaken at room temperature for 30 min at 350 rpm. Following 3 washes, plates were incubated for 30 min with 25 μl of pre-diluted multiplex detection antibody. Plates were washed 3 times and incubated with 50 μl of pre-diluted streptavidin-conjugated phycoerythrin for 10 min. Following a final 3-step wash, plates were incubated with 125 μl of assay buffer in each well and were analyzed using the Bio-Plex protein assay system. The concentration of each cytokine and chemokine was determined using Bio-Plex Manager Version 6.0 software.
Results
The pulmonary inflammatory response was assessed to investigate the impact of nano-TiO 2 deposition in mouse lungs by measuring BAL differential cell counts and the results were published (Saber et al., 2012) . Since the inflammatory phenotype reported in Saber et al. (2012) provides context to the present study, the results are summarized below. Briefly, exposure to nano-TiO 2 induced a significant inflammatory response in the 54 μg dose group on days 1 and 3, and in the 162 μg dose group across all the post-exposure time points studied. Inflammation was mainly characterized by an increase in the total cellular count and inflammatory neutrophils in BAL. Inflammation was pronounced on day 1 for both of these dose groups and was partially resolved by 28 days post-exposure time. No significant changes were observed in the BAL cellular profiles of the 18 μg dose group compared to the controls.
Detection of nano-TiO 2 in lung tissue
In order to understand if lack of inflammation in the low dose group is attributed to the efficient clearance of particles, the lungs of mice exposed to low (18 μg) or high (162 μg) doses of nano-TiO 2 sampled on days 1 and 28 post-exposure were examined for particle retention using the CytoViva patented VNIR hyperspectral imaging system and darkfield microscopy. Nanoparticles in general have a significantly different refractive index from the surrounding tissue, stains, and mounting medium used to process the tissues, which leads to greater scattering of light in the sections containing NPs and hence their easy detection. Two reference spectral libraries were made. The first library established a complete spectral profile of the nano-TiO 2 used in this study (Fig. 1a) . The second library cataloged a set of bright non-specific inclusions that were fluorescing as strongly as the nano-TiO 2 , but were also found in the untreated control samples (Fig. 1b) . These non-specific inclusions are the result of endogenous cellular materials fluorescing in all samples. Images from the treated samples were overlaid with the reference spectral library for nano-TiO 2 for accurate and precise detection of nano-TiO 2 particles in the exposed samples. Fig. 1c shows dark field (upper panel), dark field hyperspectral (middle panel), and hyperspectral mapping (bottom panel, overlay of dark field hyperspectral images with nano-TiO 2 reference spectra) images. Qualitative analysis of particle-laid lung tissues showed aggregated and agglomerated nano-TiO 2 (white inclusions indicated by white arrow heads) in random parts of the lung tissue increasing in a dose-dependent manner. A significant amount of nano-TiO 2 was observed in day 1 as well as in day 28 post-exposure samples (Fig. 1c, upper panel) . We did not apply a quantitative approach to measure the exact numbers of particles or aggregates. Quantitative analyses would require highly precise localized sectioning to compare the exact same lung regions across the samples, which was not possible in this study. Thus, it was not possible to determine if the amount of particles retained in lungs decreased with increasing recovery time. Red dots in the bottom panel (Fig. 1c, indicated by arrow heads) show areas of inclusions that were matched to the specific hyperspectral reference library created for nano-TiO 2 . Bright inclusions in the control samples did not match with the spectra of nano-TiO 2 (Figs. 1a and b ). These results demonstrate dose-dependent deposition and sustained retention of nano-TiO 2 over 28 days following the exposure for both the lowest and the highest doses.
Gene expression analysis
In order to understand the biological implications of tissue particle retention in the absence of inflammation, whole lung gene expression profiling was conducted on samples from all the doses and time points. MAANOVA analysis revealed a total of 3452 probes representing 3070 unique genes significantly differentially expressed in response to low, medium and high doses of nano-TiO 2 instillation on post-exposure days 1, 3 and 28. Changes in gene expression were considered significant if they showed p-values of ≤0.10 and a fold change ≥1.3 in either direction (Supplementary Table 1 ). Since the present study focused on finding the effects following very low dose exposures that did not show any observable biological response as measured by inflammatory cell counts in BAL fluid, we selected a liberal fold change of ±1.3 and p-value cut-off of p ≤ 0.1. These thresholds are aligned with the recommended cut-offs by Shi et al. (2008) . These authors suggested the use of fold change ranking in conjugation with a flexible (non-stringent) p-value threshold in order to generate reproducible differentially expressed gene lists (Shi et al., 2008) .
A principal component analysis (PCA) on all of the differentially expressed genes revealed a dose and time effect (Supplementary Fig.  1 ). A total of 1708 genes were significantly differentially expressed on day 1 in at least one of the dose groups compared to controls. Specifically, 462, 691, and 1015 transcripts were affected by nano-TiO 2 treatment in the low, medium, and high dose groups respectively. There were only 60 genes in common across the dose groups (Fig. 2a) . Most of the genes on day 1 were up-regulated. A total of 1255 transcripts were differentially expressed relative to controls on day 3 including 693, 652, and 620 in the low, medium, and high dose groups respectively. There were 209 transcripts that were similarly affected across all the dose groups on day 3 (Fig. 2b) , and the majority of the genes on day 3 were downregulated. On day 28, a total of 1198 genes were differentially expressed with 325, 279, and 805 genes changing in the low, medium, and high dose respectively (Fig. 2c) , and with a fairly equal number of transcripts being both up-and down-regulated.
Biological functions of differentially expressed genes
GO functional classification was used to identify specific themes in the gene expression patterns following exposure to nano-TiO 2 . The differentially expressed genes were analyzed using DAVID; biological processes with a Fisher's exact p-value ≤0.05 (Benjamini-Hochberg corrected) were considered significantly enriched. The common and unique biological processes significantly enriched in different dose groups across the time points are shown in Fig. 3 .
Biological processes affected on day 1. The top common biological process altered on day 1 in all three doses consisted of 252 genes (Supplementary Table 2 (Fig. 3; day 1 , unique GO processes).
Biological processes affected on day 3.
Genes expressed on day 3 were mainly involved in muscle development and/or muscle contraction processes, as indicated by 5 closely related GO biological processes commonly enriched in all 3 dose groups: cytoskeleton organization Fig. 3; day 3 , common GO processes). A complete list of 66 genes that were over-represented on day 3 implicated in muscle development and function is provided in Supplementary Fig. 3; day 3 , unique GO processes).
Biological processes affected on day 28. Muscle regulation (muscle contraction [GO:0006936] and striated muscle tissue development [GO:0060537]) were commonly affected in the low and medium dose groups ( Fig. 3 ; day 28, common GO processes) and consisted of 27 affected genes in these groups (Supplementary Table 4 ). Some of these processes were also altered on day 3. Inflammatory response ( Fig. 3 ; day 28, unique GO processes) was uniquely altered in the high dose group; calcium ion homeostasis [GO:0055074], homeostatic process Fig. 1 . Identification of nano-TiO 2 particles in lung tissues. Lung tissues from mice harvested 1 and 28 days following a single intratracheal instillation of low (18 μg) and high (162 μg) doses of nano-TiO 2 were subjected to visible and near-infrared (VNIR) hyperspectral imaging to identify particle retention in these tissues. (a) Reference spectral library from nano-TiO 2 exposed tissue. (b) Reference spectral library from control tissue. (c) Dark field images from nano-TiO 2 exposed tissues (upper panel). Dark field hyperspectral images from nano-TiO 2 exposed tissues identifying these nanoparticles, which appeared as aggregates of white inclusions (middle panel). Hyperspectral mapping of nano-TiO 2 in these tissues appeared as red dots or aggregates (bottom panel).
[GO:0042592], and cation homeostasis [GO:0055080] were unique to medium dose group.
Biological pathway analysis
Canonical pathway analysis was conducted using IPA tools. A total of 14 pathways were commonly significantly enriched across all treatment groups (Table 2 ). There were 7 uniquely affected pathways on 3 days post-exposure, and 4 uniquely perturbed pathways on day 28. Consistent with affected GO processes, the immune-inflammatory response pathway was commonly affected on day 1. Calcium signaling, actin cytoskeleton, and fatty acid metabolism pathways were perturbed on day 3. The hepatic fibrosis/hepatic stellate cell activation pathway was significantly affected on day 28. A total of 56 genes were related to the hepatic fibrosis/hepatic stellate cell activation pathway and these were affected across all dose groups.
qPCR validation of microarray results
A large subset of genes spanning major biological processes/pathways altered by the treatment was selected for qPCR validation. These focused primarily on genes that are associated with inflammation, acute phase response, ion transport, calcium ion binding, and muscle contraction. The qPCR results are presented in Fig. 4 and Supplementary Table 5 . Out of the 84 pro-inflammatory genes present on the inflammatory chemokine and cytokine array, 74 genes were differentially expressed (1.3 fold in either direction; p ≤ 0.1) in at least one dose within at least one time point. Of the 42 genes analyzed by custom array, 38 were significantly altered in treated relative to control mice. A complete list of the 112 validated genes from qPCR experiments is provided in Supplementary Table 5 . Sixty-two of the 112 genes were common to both microarray and qPCR (Fig. 4) . A correlation analysis performed on the fold changes of 62 validated genes showed high correlation as indicated by the Spearman's rank correlation rho (r) value of 0.89 (p ≤ 0.0001) (Supplementary Fig. 2 ).
Tissue expression of pro-inflammatory chemokines and cytokines
Most of the inflammatory modulators are synthesized and stored in an endogenous pool; many of them require activation at the posttranscriptional and translational level. Upon stimulation, these endogenous pools are mobilized therefore the cells/tissues do not immediately require fresh synthesis of mRNA. Therefore, in order to be sure that we did not miss anything in the low dose group by focusing on transcriptional changes we assessed protein levels of 31 chemokines, cytokines, and their receptors. Due to the limited availability of biological material, we used a multiplex ELISA assay and therefore not all selected chemokines and cytokines for protein analysis are matched with those that showed changes in expression at the gene level. Nineteen of the 31 proteins examined were more expressed on day 1 (T helper (Th)-1 and Th-2 cytokines; e.g., IL-1b, IL-2, IL-5, IL-9, IL-10, IL-12, IL-13, IL-17, G-CSF, and GM-CSF) in at least one of the dose groups. Seven proteins were significantly up-regulated on day 3 (CCL3, CCL4, FGF Basic, MCSF, CXCL9, CXCL2, and VEGF) and 8 on day 28 (IL-12(p40), CCL3, CCL4, FGF Basic, MCSF, CXCL9, CXCL2, and VEGF) compared to their matched controls (Fig. 5) . None of the up-regulated proteins in the low dose group from day 1 samples showed corresponding increases at the mRNA level. Only four proteins (CCL2, CCL3, CCL4, and CXCL1) showed corresponding increases in mRNA levels in the medium and high dose groups.
Comparison of nano-TiO 2 whole body inhalation and intra-tracheal instillation studies
In a previous study we analyzed pulmonary gene expression profiles of C57BL/6 mice that were subjected to whole body inhalation of 42 mg/m 3 of nano-TiO 2 1 h/day for 11 consecutive days (Halappanavar et al., 2011; Hougaard et al., 2010) . Global gene expression was assessed 5 days following the last exposure. The phenotype was characterized by neutrophilic inflammation as measured by BAL cellular differential counts. A parallel analysis of pulmonary gene expression profiles showed differential expression of 355 genes with a fold change of at least ±1.3 (p ≤ 0.1). These genes mainly belonged to immune-inflammatory response, acute phase response, chemotaxis, and complement activation processes. In the present study, similar neutrophil-dominant inflammation was observed following intratracheal instillation. Moreover, approximately 57% (201/355, p ≤ 0.1 and fold change ±1.3; Supplementary Table 6 ) of those genes were commonly differentially regulated in the lungs in one or more of the treatment conditions. In addition to taking part in immune-inflammatory responses, these common genes also play a role in muscle contraction, ion/calcium ion homeostasis, and fatty acid/lipid metabolic processes. For example, some of these commonly affected genes include Il1b, Saa3, cxcl5, Ly6f, Slc26a4, Lcn2, Noxo1, cxcl12, ccl7, ccl9, ccl2, ccl17, ccl12, Atp1a2, Myom2, Tnnt2, Fasn, Aacs, and Ch25h.
Discussion
In this study lung gene expression profiles of mice exposed to 3 different doses of nano-TiO 2 were analyzed at three different postexposure time points in parallel with the analysis of particle retention in the lungs.
Enhanced darkfield imaging of lung tissue sections demonstrated that intratracheal instillation of nano-TiO 2 resulted in non-uniform deposition of particles (seen as white inclusions; Fig. 1c ) throughout the lung regions at all of the examined doses and post-exposure time points.
Near-infrared hyperspectral image analysis confirmed that the highly illuminated white inclusions observed in treated samples corresponded specifically to nano-TiO 2 (shown in red; Fig. 1c ). Particle retention was observed more in the high dose group than the low doses. Interestingly, mice exposed to the low dose did not exhibit any signs of pulmonary neutrophilic inflammation, but noticeable particle retention was observed. Moreover, particles were also observed in the lungs of mice exposed to the high dose group at 28 days post-exposure when inflammation is primarily resolving. These findings suggest: (1) the low dose (18 μg) was not sufficient to induce neutrophil influx in BAL, or (2) acute inflammation as measured by increased number of inflammatory cells in BAL induced immediately after a low dose of particles was resolved within 24 h.
Relatively few studies have shown the retention of NPs in the lung. Hougaard et al. (2010) found that 21% of the deposited pulmonary dose in mice exposed by inhalation to the same nano-TiO 2 for 11 consecutive days at 42 mg/m 3 for 1 h was retained 26 days after terminating the exposure. Each day of this dosing regimen corresponds to a single 4-hour daily exposure at the current Danish occupational exposure limit of 9.75 mg/m 3 TiO 2 . It is suggested that phagocytic uptake and/or phagocyte-mediated translocation are the key clearance mechanisms for particles deposited in airways and alveoli. However, various studies have found that nano-scale particles evade these mechanisms and penetrate interstitial regions of lungs. For example, Geiser et al. (2008) demonstrated that 20 nm TiO 2 -NPs are not recognized and cleared by phagocytes in rat lungs within the first 24 h following exposure. Instead, NPs are engulfed within the first 24 h via non-specific processes occurring during the phagocytosis of the surrounding material (Geiser et al., 2008) . These findings suggest that most of the TiO 2 -NPs escape the immediate and primary clearance mechanisms, and are thus free to Fig. 3 . Gene ontology (GO) analysis of differentially expressed genes. The upper panel shows the GO biological processes that were enriched and were in common among the low, medium, and high dose groups. The lower panel indicates GO biological processes that were uniquely enriched in the low, medium, and high dose groups. Columns from left to right present the enrichment of GO biological processes on days 1, 3, and 28, respectively. Results from low, medium, and high dose groups are shown in blue, green, and red bars respectively.
translocate to interstitial regions. Zhu et al. (2008) compared 22 nm and 280 nm iron oxide particles and found that 22 nm particles were more readily embedded in the lung interstitium (Zhu et al., 2008 ). Size-dependent particle uptake by macrophages was also demonstrated in rats using iridium and polystyrene particles (Semmler-Behnke et al., 2007) . Despite the fact that~50% of inhaled particles were immediately available for uptake by phagocytes in BAL, this study revealed that less than 20% of them were associated with phagocytic macrophages. Hougaard et al. (2010) showed that~25% of the deposited pulmonary dose is retained up to 5 days, and 21% up to 26 days post-exposure following nano-TiO 2 inhalation in mice. These results collectively suggest that the observed pulmonary particle retention in our present study in all dose groups across the different post-exposure time points could be the combined result of three potential factors: (1) inability to generate sufficient chemotactic signaling to induce phagocytic infiltration; (2) failed phagocytic recognition; and (3) timely engulfment and rapid translocation to interstitial lung spaces and inefficient clearance. Inflammation is routinely used as a measure of pulmonary response to particle exposures. We thus sought to examine whether the lack of inflammation (low dose) or diminished inflammation (late time point) observed in our study is truly reflective of a lack of biological or toxicological response in the lungs following nano-TiO 2 exposure. To do this, we quantified changes in global pulmonary gene expression for all doses and post-exposure time points in our experiment. As expected, we observed large changes in the expression of genes associated with inflammatory processes, which were both dose-and time-dependent. GO ontology analysis of differentially expressed genes revealed enrichment in four main functional groups; inflammation and immune response, lipid metabolism, muscle regulation, and ion homeostasis. Several genes encoding complements, cytokines, chemokines, and acute phase responders, including C3, Il1b, Ccl4, Ccl17, Cxcl5, Saa1, Saa2, Saa3, S100a8, S100A9, and Nfkbia were significantly up-regulated in this study, indicating the recruitment of leukocytes, predominantly neutrophils (Saber et al., 2012) and induction of acute phase signaling. Pathway specific PCR arrays containing 84 different cytokines and chemokines were used to confirm the majority of these changes (Fig. 4 and Supplementary Table 6 ). Although the low dose group did not show any evidence of cellular infiltration in BAL (Saber et al., 2012) , various genes associated with inflammation were perturbed in these samples, albeit to a lesser extent than the higher doses. This finding is consistent with the hypothesis that inflammatory signaling occurs even at low doses, but is insufficient to cause measurable influx of inflammatory cells in lung lavages.
Despite the lack of neutrophilic infiltration in BAL and the somewhat subtle changes in the expression of inflammatory genes in lung tissues of mice in the low dose group, we observed significant increases in protein synthesis of 17 inflammatory mediators in these samples including IL-2, IL-5, IL-9, IL-10, IL-12, IL-13, IL-17, CCL11, GM-CSF, IFN-g, CXCL1, CCL2, CCL3, CCL4, FGF-basic, MCSF, and VEGF. These results again suggest that exposure to the low dose led to the initiation of transient chemotactic signaling, but that this signaling may have been below the threshold level required to initiate a respiratory burst leading to neutrophil influx in BAL. Alternately, the rapid interstitialization of particles may have resulted in activation of interstitial macrophages, creating a chemotactic gradient in lungs that shifts the inflammatory influx to the interstitium leading to decreased cellular influx in the alveolar space Oberdorster et al., 1992) .
Differential cellular count of inflammatory cells in BAL fluid is an accepted marker of lung response following exposure to particles (Warheit et al., 1991) . Based on lack of inflammatory cell influx in BAL fluid, many studies have claimed that TiO 2 particles are not toxic. Our results show no increases in inflammatory cell influx in BAL fluid following exposure to low doses of TiO 2 . However, our microarray results revealed significant alteration in the expression of a few inflammatory genes. ELISA assays revealed upregulated protein synthesis of several inflammatory modulators including CXCL1 and CXCL2. These results suggest that differential BAL counts are not sensitive enough to pick up effects following low dose exposures, and that assessment of genes and proteins associated with inflammation may provide a more sensitive measure of the pulmonary response. Importantly, many of the genes in the perturbed pathways noted in this study were also up-regulated in mouse lungs following whole-body inhalation (1 h/day for 11 consecutive days) of 40 mg UV-Titan/m 3 of the same nano-TiO 2 particles tested by Halappanavar et al. (2011) . The 40 mg TiO 2 /m 3 /h exposure corresponds to the 8-hr time weighted average (TWA) Danish occupational exposure limit (At-vejledning, 2007) . If it is assumed that 9% of the inhaled particle mass ends up in the respiratory system, then the total volume of inhaled air per hour would be 1.8 l/h (Hougaard et al., 2010) in an 8 h working day. In comparison, the doses 18, 54 and 162 μg/mouse used in the present study are the equivalent of 1.5, 5 and 15 working days at the Danish occupational exposure level for TiO 2 (6.0 mg Ti/m 3 -9.75 mg TiO 2 /m 3 ), respectively. Thus, the inhalation dose is similar to the 54 μg dose used in the present study and indicates that the responses observed are similar to those observed following exposure to the 54 μg dose on day 1. These results demonstrate that the inflammatory responses following bolus administration of nano-TiO 2 are comparable to those observed following inhalation, a physiological route of exposure to particles in the environment. Thus, it is reasonable to argue that the low-dose instillation results observed in this study are relevant to those from inhalation study by Halappanavar et al. (2011) .
Chronic persistent inflammation, pulmonary fibrosis, and lung tumors have been documented in rats following chronic and subchronic inhalation of low toxicity ultrafine titanium dioxide particles (reviewed in (Johnston et al., 2009) ). However, it has been argued that these studies use very high doses that lead to excessive accumulation of particles and saturation of phagocyte-mediated clearance mechanisms in lungs, and are thus less physiologically relevant. Although very little is known about the effects of prolonged retention of low levels of particles in the lungs, retention and accumulation of particles over extended periods of time are postulated to lead to increased lung particle burden and enhanced risk of developing small airway cancer. In the present study we extend our dose down to much lower than what has been used in earlier studies Grassian et al., 2007; Renwick et al., 2004; Warheit et al., 2007) and reviewed in Johnston et al. (2009) and demonstrate significant retention of particles in the lungs even at this low dose. We hypothesize that low levels of particle retention and accumulation over time (leading to persistent particle presence in alveolar or interstitial spaces) might hinder air movement, alter lung smooth muscle contraction activities, and induce tissue foreign body reaction leading to tissue scaring and tissue fibrosis. In support of this hypothesis gene expression and pathway analysis revealed muscle regulation and ion homeostasis to be significantly altered in the nano-TiO 2 exposed mouse lungs. Specifically, we observed down-regulation of several genes Fig. 4 . Validation of genes identified as significantly differentially expressed in microarray experiment by qPCR. A total of 62 genes from the microarray experiment were also examined in the qPCR experiment in either of the low, medium or high dose groups in samples from: (a) day 1, (b) day 3, and (c) day 28 post-instillation periods. All genes from microarray and qPCR experiments had the same directional fold changes of at least ±1.3 with a p-value of ≤0.1. Please note that no genes from the low dose group on day 1 met this threshold. The bars in yellow represent transcripts measured in microarray experiments and the bars in brown represent transcripts measured with qPCR. Fig. 5 . Analysis of proteins involved in pro-inflammatory response in the lungs of experimental mice exposed to nano-TiO 2 compared to controls on (a) and (b) day 1, (c) day 3, and (d) day 28 post-instillation periods. The bars in blue, green, and red represent proteins expressed in response to low (18 μg), medium (54 μg), and high (162 μg) doses of nano-TiO 2 exposure respectively. The y-axis shows the fold change ± SE of exposed relative to control mice. Statistical significance was calculated using Student's t-test. *p ≤ 0.1; **p ≤ 0.05; ***p ≤ 0.01; and ****p ≤ 0.001.
(Tnni3, Tnnt2, Tpm1, Myh4, Myh6, Actc1, S100a8, and Actn2) that regulate muscle contraction and calcium homeostasis 3 and 28 days postinstillation. The response was much more pronounced on day 28, with dramatic down-regulation of several genes implicated in ion homeostasis, calcium binding, muscle contraction and development, and cytoskeleton organization (Fig. 4) . Of note, the perturbations in the expression of genes associated with ion homeostasis and muscle functions were independent of the inflammatory status. The effects on ion homeostasis were prominent only on days 3 and 28 following low and medium dose exposures; in contrast, these time points and doses showed little or no inflammation. Similar resolution of inflammation in the presence of substantial particle burden was also reported in a study conducted by Ferin et al. (1992) . These authors suggested that inflammatory reaction could be an indication of lung responses occurring during the exposure process and does not necessarily reflect the lung burden of particles. Our results together with those of Ferin et al. (1992) suggest that inflammation may not be the underlying factor influencing the gene expression changes associated with ion homeostasis; rather, these effects are potentially the results of persistent and prolonged retention of particles in the lungs. Thus, we speculate that the absence of inflammation resulting in the prolonged confinement of particles to one place is a prerequisite to sequestration of ions around the particle deposition sites, leading to imbalances in ion homeostasis and deregulation of muscle functions. Although a clear evidence in support of this hypothesis could not be provided in the present study, our results are indicative of particle-specific effects.
Calcium influx and signaling regulate neutrophil activation and neutrophil mediated inflammatory processes in the lungs (Burgos et al., 2011; Tintinger et al., 2005) . Imbalance in calcium homeostasis following Fig. 6 . The associations and pathways that are perturbed following low-dose exposure to nano-TiO 2 that link particle retention and response to potential longer-term health outcomes. Genes that are shown with a red or green circle were up-or down-regulated, respectively. Genes with circles that are colored both red and green circles had mixed expression (up-regulated at one time point and down-regulated in another time point). NF-KB, c-Fos and cyclic AMP dependent PKA are indirectly connected to the genes shown; however, are not specifically altered in our data set. The green arrows connecting genes/proteins represent positive regulation/activation; the brown arrows connecting genes/proteins represent negative regulation/inhibition; the grey arrows connecting genes/proteins represent unspecified regulation. pulmonary inflammation severely affects contraction of airway smooth muscle in the lungs (Perez-Zoghbi et al., 2009) . Gatti et al. (2008) used a rodent implantation model to evaluate the effects of different nanomaterials and corresponding bulk materials implanted for 6-12 months on subcutaneous or muscular tissues and found that sites implanted with TiO 2 -NPs developed intramuscular foreign body granulomas and moderate fibrosis surrounded by macrophages and giant cells (Gatti et al., 2008) . Moreover, nano-TiO 2 exposure caused an increase in the generation of Fe, Na, S, and P ions close to the particle deposition site and spherical Ca-P precipitates containing Fe and Zn, specifically observed at 12 months post-implantation period. Sequestration of ions, such as Ca and P, renders them biologically unavailable (Gatti et al., 2008) . Since these ions play an important role in many signal transduction pathways, their precipitation will lead to altered homeostasis and imbalance in cellular functioning. Although we could not confirm the formation of granulomas or analyze ion sequestration at the site of particle deposition, substantive alterations in the expression of several genes involved in ion homeostasis and muscle contraction suggest that prolonged accumulation of particles could trigger airway smooth muscle pathology, and increase the risk of developing lung conditions such as asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis (Byrne and Baugh, 2008) .
In conclusion (Fig. 6 ), our combined data indicate that a significant amount of nano-TiO 2 particles is deposited in the lungs even following exposure to very low doses, and that particles are retained in the lungs for at least 28 days. Although further experiments are needed to confirm the ideas presented in the present study, our results imply that particle accumulation over an extended timeframe together with alterations in the expression of several genes associated with ion homeostasis and muscle function may potentially interfere with calcium, ion, and lipid homeostasis, and affect pulmonary smooth muscle contraction. Prolonged disturbances in ion homeostasis and airway smooth muscle functioning can potentially contribute to the development of lung diseases such as pulmonary fibrosis, asthma, and even lung cancers. Moreover, statistically significant changes in the expression of several genes and proteins involved in vital lung functions in the absence of any observable inflammation call for a careful re-evaluation of particle induced lung toxicity.
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